Purpose The effects of astaxanthin (Ax) on the in vitro development of bovine embryos cultured under heat stress were investigated in combination with the assessment of its cellular accumulation and action on mitochondrial membrane potential (Δ<m). Methods Bovine ≥8-cell embryos were collected on day 3 after in vitro fertilization and exposed to single (day 4) or repeated (day 4 and 5) heat stress (10 h/day at 40.5°C). Ax was added into culture medium under the repeated heat stress and blastocyst development was evaluated. The cellular uptake of Ax in embryos was examined using bright-field and confocal laserscanning microscopy, and high-performance liquid chromatography. The relationship between Ax and mitochondria localization was assessed using MitoTracker dye. The effects of Ax on ΔΨm were investigated using JC-1 dye. Results Blastocyst development in the repeated heat stress treatment decreased significantly (P<0.05) compared with those in single heat stress or normal thermal treatment. The addition of Ax into culture medium did lead to a significant recovery in blastocyst development in the repeated heattreated group. Ax was detected in cytoplasm of embryos and observed to colocalize with mitochondria. Ax recovered ΔΨm in embryos that was decreased by the heat treatment. Conclusions Ax ameliorated the heat stress-induced impairment of blastocyst development. Our results suggest that the direct action of Ax on mitochondrial activity via cellular uptake is a mechanism of the ameliorating effects.
Introduction
Mammalian fertility is largely affected by environmental factors such as pollutants, nutrition, and physical or psychological stresses [5, 23, 31] . Among these factors, heat stress impairs early postfertilization development in many in vivo and in vitro studies [7, 12, 40] . To circumvent the impairment of early development under heat stress, a few functional dietary substances have been investigated for their ameliorating effects on heat-induced developmental defects [21, 38, 41] .
Astaxanthin (Ax) is a carotenoid that is abundant in fishery products and is reported to have various beneficial bioactive properties for human and animal health, including the prevention of cardiovascular disease, the promotion of immune responses, and anti-oxidative actions [14, 15] . These findings suggest a possible application of Ax in the enhancement of mammalian reproductive health. We previously reported that bovine preimplantation embryos exposed to heat stress in vitro had reduced rates of development and that Ax-containing oil added into the culture medium ameliorated the detrimental effects of heat stress [30] . However, unlike β-carotene, which is the most representative carotenoid investigated in terms of its implication in reproduction [11, 17] , the mode of Ax action on mammalian preimplantation embryos remains largely unknown.
Recently, Ax has been shown to increase the mitochondrial membrane potential (Δ<m) in a cultured cell line [54] . Mitochondria regulate cellular homeostasis, including the metabolism of respiratory substrates, oxidative phosphorylation (OXPHOS), ion homeostasis, reactive oxygen species (ROS) production, and apoptosis [13, 35] . The critical roles of mitochondria in mammalian oogenesis and early embryogenesis are emerging as a correlation to developmental outcome in oocyte maturation, fertilization, and postfertilization development [9, 49, 51] . Furthermore, the variability and sensitivity of mitochondrial activity in response to environmental insults have also been documented in oocytes and preimplantation embryos [9, 16, 52] . In the present study, we examined the effects of heat stress during day 4 and 5 postfertilization in combination with Ax treatment on the development of bovine embryos. The heat stress condition used was based on the daily change in rectal temperatures in cows that are exposed to heat stress in the hot season [37] to mimic a physiological situation. The cellular uptake and localization of Ax in preimplantation embryos as well as the effects of Ax on Δ<m were also investigated.
Materials and Methods

Ethics statement
This study was carried out in accordance with the Regulation on Animal Experimentation at Kyoto University.
Chemicals
All chemicals used were purchased from Sigma-Aldrich (St. Louis, MO) or Wako Pure Chemical Industries (Osaka, Japan), unless otherwise specified. AstaREAL® (emulsified H. pluvialis extract containing 0.5 % [w/w] Ax) and an identical vehicle for emulsification (a mixture of maltosyl trehalose, water, medium chain triglycerides, polyglycerol esters of fatty acids, sucrose esters of fatty acids, and mix tocopherols) were provided by Fuji Chemical Industry Co., Ltd. (Toyama, Japan).
Culture media for in vitro production of bovine embryos Culture media for in vitro maturation (IVM) of immature oocytes recovered from ovaries, in vitro fertilization (IVF) of matured oocytes, and in vitro culture (IVC) of zygotes up to the blastocyst stage were prepared following a previously published protocol based on synthetic oviduct fluid (SOF) containing amino acids [46] with some modifications: the concentration of sodium pyruvate was increased to 0.5 mM, and the media were modified for each of the applications according to a previous report [18] . In brief, the medium for IVM (IVMM) was supplemented with 5.6 mM glucose, 10 % (v/v) fetal calf serum, and 0.2 IU/ml follicular-stimulating hormone (Kyoritsu Seiyaku, Kawasaki, Japan); the medium for IVF (IVFM) was not supplemented with glucose, and the medium for IVC (IVCM) was supplemented with 1.5 mM glucose. Unless otherwise treated, all cultures were carried out at 38.5°C, a normal body temperature for cows, under 5 % CO 2 , 5 % O 2 and 90 % N 2 with high humidity.
In vitro production of bovine embryos Bovine oocytes were recovered from abattoir-derived ovaries by aspirating 2-to 8-mm follicles with a needle attached to a syringe. Cumulus-enclosed oocytes (CEOs) with compact dense cumulus cell layers were selected. Groups of 10 CEOs were matured in vitro in 50-μl drops of IVMM covered with mineral oil (Nacalai Tesque, Kyoto, Japan). Matured oocytes were fertilized in vitro with frozen-thawed bull sperm as described [39] , except with regard to the medium used [18] . In brief, frozen-thawed bull semen was layered onto a discontinuous Percoll gradient solution (45 % and 90 % [v/v] ) and centrifuged at 700×g for 30 min. The pelleted spermatozoa were resuspended in IVFM and centrifuged again at 700×g for 10 min. The spermatozoa in the pellet were again resuspended in IVFM at a concentration of 2×10 6 cells/ml. Immediately prior to insemination, the groups of 10 CEOs after IVM were transferred to 50-μl drops of IVFM supplemented with 3.6 U/ml heparin. Fifty microliters of the sperm suspension was added to each mineral oil-covered drop containing the CEOs. Thus, the final concentrations of spermatozoa and heparin in the drops were 1×10 6 cells/ml and 1.8 U/ml, respectively. The CEOs and spermatozoa were coincubated for 20 h.
After IVF, the resulting putative zygotes were freed from the cumulus cells by pipetting and subsequently cultured in 500 μl of IVCM covered with mineral oil. The day of IVF and the beginning of insemination were designated as day 0 and 0 h post-insemination (hpi), respectively.
Effects of single and repeated heat stress on the development of bovine embryos in vitro On day 3 at 72 hpi, embryos that had developed to the 8-cell stage or beyond (≥8-cell) were transferred to 500 μl of IVCM supplemented with 0.045 % (v/v) of the corresponding vehicle used in the following experiments and were subsequently cultured up to day 8 (192 hpi). Embryos were cultured basically at 38.5°C (Normal). Embryos that were exposed once (91-101 hpi on day 4) or twice (91-101 hpi on day 4 and 115-125 hpi on day 5) to 40.5°C for 10 h were designated as Heat 1 and Heat 2 groups, respectively. The heat stress condition was designed to mimic the daily change in rectal temperatures in cows that are exposed to heat stress in the hot season [37] . The proportions of embryos that had developed to the blastocyst stage were compared among the Normal, Heat 1, and Heat 2 groups. The cultures were replicated four times, and the number of embryos allocated to each treatment group was approximately 18 per replicate. Blastocyst development was assessed on day 8.
Effects of Ax on the development of bovine embryos exposed to repeated heat stress As described above, ≥8-cell embryos at 72 hpi were transferred to 500 μl of IVCM supplemented with 0.045 % (v/v) of AstaREAL® or the corresponding vehicle (control) and were subsequently cultured up to day 8 (192 hpi). The final concentration of Ax in the medium was 2.5 ppm. Embryos were cultured basically at 38.5°C (Normal) or, in the heatstressed group (Heat), were exposed twice to 40.5°C for 10 h as in the Heat 2 treatment described above. Thus, the embryos were divided into four groups: (1) normal thermal conditions in the absence of Ax, (2) normal thermal conditions in the presence of Ax, (3) heat stress in the absence of Ax and (4) heat stress in the presence of Ax. The cultures were replicated five times, and the number of embryos allocated to each treatment group was approximately 18 per replicate. Blastocyst development was assessed on day 8.
Detection of Ax taken up by bovine preimplantation embryos
The ≥8-cell embryos were cultured in the presence or absence of Ax as described above, and cultures were extended up to day 10 to induce hatching from the zona pellucida. Pre-hatching, hatching, and completely hatched blastocysts were fixed and nuclear-stained with 10 % (v/v) formalin neutral buffer solution containing 10 μg/ml Hoechst 33342. Stained blastocysts were then mounted onto slides with a droplet of VECTASHIELD mounting medium (Vector Laboratories, Burlingame, CA) and flattened with a coverslip. The slides were examined under a fluorescence microscope (Olympus, Tokyo, Japan) in combination with observations using transmitted light.
In separate experiments, fixed day 5 morulae and day 10 blastocysts (pre-hatching to hatched stage) were mounted onto slides and covered with coverslips supported with 9:1 (v/v) Vaseline/paraffin spots at each corner. The slides were observed under a laser-scanning confocal microscope (Olympus). The fluorescence emission of Ax [19] excited at 488 nm by an argon laser was detected using BA565IF barrier filter.
To further confirm the cellular uptake of Ax in bovine preimplantation embryos, high-performance liquid chromatography (HPLC) was used. One-hundred blastocysts (prehatching to hatched stage) on day 10 that had been cultured with Ax were collected and extensively washed with PBS. Carotenoids were extracted from the blastocysts with 1 ml acetone at room temperature. The extract solution was evaporated to dryness. The residue was dissolved in 50 μl of acetone/hexane (2:8) solution and subjected to HPLC analysis. HPLC was performed on a Hitachi (Tokyo, Japan) L-6200 intelligent pump with a Hitachi L-4250 UV-VIS detector set at 470 nm absorbance. Ax was quantified by HPLC on a Cosmosil 5SL-II 250×4.6 mm i.d., column (Nacalai Tesque, Kyoto, Japan) with acetone/hexane as a solvent at a flow rate of 1.0 ml/min at room temperature. Standard Ax was provided by DSM Nutrition Japan (Tokyo, Japan).
Localization of Ax and mitochondria in bovine blastocysts
Hatched blastocysts cultured in the presence of Ax were obtained on day 10 and fixed with 10 % (v/v) formalin neutral buffer solution for 30 min. Then they were extensively washed with PBS containing 0.1 mg/ml polyvinylalcohol (PBS-PVA). Mitochondria were stained by incubating embryos in PBS-PVA containing 500 nM MitoTracker Green FM (Invitrogen, Carlsbad, CA) for 30 min at 37°C in air with high humidity. After washing with PBS-PVA, embryos were mounted onto slides with Vaseline/paraffin spots as described above and observed under a laser-scanning confocal microscope. The MitoTracker (green) and Ax (red) fluorescence was excited at 488 nm by an argon laser and detected using both BA510IF and BA530RIF filters (channel 1) for green and BA610IF (channel 2) for red fluorescence, respectively. The filter for the detection of Ax emission (BA610IF) was different from the former experiment (BA565IF) to minimize the possible detection of MitoTracker-derived marginal red fluorescence, while the detection range was still within the range of Ax emission [19] . Moreover, the possibility of detecting this marginal fluorescence was excluded by the photomultiplier setting that had been validated through the staining of blastocysts cultured without Ax.
Effects of Ax on mitochondrial membrane potential (Δ<m) under heat-stressed conditions
The ≥8-cell embryos on day 3 were cultured with or without Ax basically at 38.5°C and the heat-stressed group embryos were subjected to 40.5°C/10 h/day on days 4 and 5 as described above. On day 6, embryos except for degenerated ones were incubated for 15 min with JC-1 (ImmunoChemistry Technologies, Bloomington, MN) in pre-equilibrated IVCM at 38.5°C. After the incubation, embryos were washed with 50 μl of IVCM twice and then transferred to a 1-μl IVCM drop covered with mineral oil in a 4-well dish. The fluorescence of JC-1 J-aggregates (red) and monomers (green), which correspond to mitochondria with higher and lower membrane potentials, respectively, were captured using a fluorescence microscope (FSX100, Olympus) and measured using Image J software (National Institute of Health, Bethesda, MD). The ΔΨm of embryos was evaluated using the red/green fluorescence ratio. Data were obtained from 36 to 38 embryos per group in three replicates.
Statistical analysis
Blastocyst development data (Tables 1 and 2) were analyzed by the least squares analysis of variance (ANOVA) using the Mixed Models of SPSS (Chicago, IL). In all the models, replicates were included as a random variable. Fixed variables were treatment groups in the analysis for Table 1 ; heat stress, Ax, and their interaction for Table 2 . When ANOVA showed a significant difference, comparisons among the treatments were performed by the least significant difference method. The data obtained in JC-1 staining were analyzed using non-parametric Kruskal-Wallis test followed by pairwise Mann-Whitney U-test. Significance was accepted at P<0.05.
Results
We first investigated the effects of single or repeated exposure to heat stress during day 4 and 5 post-IVF on blastocyst development from ≥8-cell embryos (Table 1) . Although single exposure to heat stress on day 4 did not significantly affect the rates of blastocyst formation, daily repeated exposure to heat stress on days 4 and 5 did significantly reduce blastocyst development as compared with the control (P<0.05).
Next, the effects of Ax on impaired blastocyst development following repeated heat exposure were investigated ( Table 2 ). As in the above experiment, daily repeated exposure to heat stress on days 4 and 5 decreased the rate of blastocyst development (P<0.01). The addition of Ax into culture media ameliorated impaired blastocyst development following the heat stress. The addition of Ax to the normal thermal conditions did not affect blastocyst development. The effect of heat stress (P=0.004) and the heat stress × Ax interaction (P=0.036) were both significant.
The cellular uptake of Ax in bovine preimplantation embryos was examined using three methodologies. First, blastocysts that were hatching or completely hatched from their zona pellucida were visibly red under bright-field microscopy in the culture with Ax (Fig. 1a) , whereas their counterparts in the absence of Ax did not exhibit red coloring (Fig. 1b) . Blastocysts that had not started hatching (prehatching blastocysts) did not exhibit visible red coloring even in the presence of Ax (data not shown). Furthermore, nuclear-staining with Hoechst 33342 showed that red pigments accumulated in the cytoplasm of the embryos (Fig. 1c, d) . Second, based on the fluorescence emission of Ax [19] , Ax was detected by laser-scanning confocal microscopy. Blastocysts that completely hatched exhibited relatively strong red fluorescence (Fig. 2a) , whereas hatched blastocysts in the absence of Ax did not exhibit such fluorescence (Fig. 2b) . Fluorescence was also seen in the hatching (Fig. 2c) and pre-hatching blastocysts (Fig. 2d) , and day 5 morula stage embryos (Fig. 2e) to a lesser extent as compared with hatched blastocysts. In addition, Ax content in blastocysts was determined by HPLC. The extracts from blastocysts (pre-hatching to hatched stage) exhibited a chromatographic (Fig. 2f) , and Ax content in the blastocysts was calculated as 0.02 ng/embryo. The relationship between the site of Ax accumulation and the location of mitochondria was investigated in hatched blastocysts which exhibited strong Ax-derived fluorescence. Ax was observed to coincide with or lined the mitochondria in blastocyst cells (Fig. 3) . Because of the lesser Ax-derived fluorescence, it was difficult to assess the relationship between Ax and mitochondria localization in the earlier developmental stages.
Because the colocalization of Ax with mitochondria was suggested, the effects of Ax on the mitochondrial membrane potential (Δ<m) after heat stress were investigated using JC-1, a dual fluorescent dye (Fig. 4) . JC-1 can selectively enter into mitochondria where it reversibly changes its fluorescence from green to red as Δ<m increases [43] . Heat stress decreased (P<0.01) the Δ<m in day 6 embryos in the absence of Ax. However, Ax significantly (P<0.0001) recovered the Δ<m under the heatstressed condition, which resulted in a level similar to the normal thermal condition (Fig. 4) .
Discussion
Compared with the oocyte stage and the early cleavage stage (1-to 8-cell) of mammalian preimplantation development, later-stage embryos (≥8-cell) are more resistant to heat stress [4, 10, 40] . However, the results of our first experiment indicate that later-stage embryos, when exposed to repeated, not single as previous reports [4, 10, 40] , heat stress on two consecutive days can show impaired blastocyst development. Using this developmental inhibition model, we examined whether Ax treatment in culture can ameliorate the detrimental effects of heat stress. We found that Ax increased blastocyst development under the heat-stressed condition. We previously reported the heat stress-ameliorating effects of Ax on early cleavage stage (1-to 8-cell) embryos [30] . The present result therefore further demonstrates the favorable effects of Ax on the later stages of preimplantation development.
It is, however, unknown how Ax restores proper embryonic development following heat stress. Over the course of our culture experiments, we observed "red blastocysts" in Ax-treated cultures and the red color was observed in the cytoplasm of the embryonic cells (Fig. 1) . The visibly red blastocysts were restricted to embryos that were hatching or completely hatched from the zona pellucida. However, laser excitation at 488 nm resulted in fluorescence emission even from pre-hatching blastocysts and also from day 5 embryos that were not visibly red (Fig. 2d, e) . Considering the excitation spectra of Ax [19] , the red fluorescence from Ax-treated blastocysts is considered to be due to Ax that has been incorporated into the cells. Furthermore, Ax was detected by HPLC analysis of blastocyst extracts (Fig. 2f) . From these results, it can be concluded that Ax was incorporated into the cytoplasm of bovine preimplantation embryos. This is the first report that demonstrates the uptake and accumulation of carotenoids in mammalian preimplantation embryos. The lower intensities of visible and fluorescent red coloring in pre-hatching blastocysts as compared with post-hatching blastocysts suggest that the zona pellucida affects Ax uptake.
The confocal observations of Ax and mitochondria demonstrated that Ax effectively colocalized with mitochondria. Two patterns of colocalization were observed, i.e., Ax coincided with the mitochondria or it lined the mitochondria (Fig. 3) . The accumulation of Ax in mitochondria has been reported in other cell and tissue types, including leukocytes [33] , mesangial cells [25] , liver, and muscles [45] . The result of our present study suggests the direct action of Ax on mitochondria in bovine preimplantation embryos.
Mitochondria are responsible for the vital regulation of cellular homeostasis through the metabolism of respiratory substrate, OXPHOS, ion homeostasis, ROS production, and apoptosis [13, 35] . Several lines of investigation have suggested the possible associations of high-potential mitochondria with the ability of matured oocytes to be fertilized and the developmental competence of postfertilization embryos [9, 49, 51] . Furthermore, the influence of environmental insults, including heat stress, on mitochondrial function in mammalian oocytes has been documented previously [29, 44] . Therefore, we further examined the effects of Ax in combination with heat stress on the membrane potential of mitochondria (Δ<m) of day 6 embryos (exclusively morula stage). As a result, the heat treatment on day 4 and 5 resulted in decreased Δ<m on day 6 (Fig. 4) . Interestingly, Ax treatment effectively (P<0.0001) recovered the impaired Δ<m in the heat-stressed condition. Although the Δ<m-promoting effect of Ax was previously shown in cultured HeLa cells [54] , the present results show for the first time that the effect has an interaction with the heat-stress condition in preimplantation embryos. In contrast to the case of oocytes [29, 44] and preimplantation embryos (present results), heat stress enhanced the Δ<m in some cases, including peripheral blood mononuclear cells [6] and skeletal muscles [3, 28] . In these cases, heat-induced Δ<m elevation acts in a cell-protective manner against cell perturbation. Therefore, it is plausible that higher levels of Δ<m in embryos are beneficial for cellular survival, especially under heat-stressed conditions.
Bovine oocytes and preimplantation embryos represent a popular animal model for studying the development of human counterparts because of the similarity and/or proximity in the mono-ovulatory manner, cell size, timing of development and embryonic genome activation, and the mode of cell-lineage determination [2, 22, 27, 32] . Regarding mitochondria, oocytes in both species contain varied number of mitochondria, i.e., 20,000 to over 800,000 in human [48] and 2,000 to 1,200,000 in bovine [47] on mitochondrial DNA (mtDNA) basis. In human IVF, higher numbers of mtDNA are correlated with higher fertilizability or developmental competence of resulting eggs after fertilization [36, 42] . Along with the number of mitochondria, the higher Δ<m has been proposed as a relevant factor to developmental competence also in human oocytes and preimplantation embryos [1, 20, 50, 52] . Sufficient number and activity of mitochondria are considered to be crucial for generating energy through the formation of ATP, which is required for proper embryonic development [49, 51] . As in the present study, physiological, environmental, or clinical factors can decrease ΔΨm in human oocytes and early embryos, which is one of proposed causes of their compromised quality and IVF outcome. These factors include advanced age of women [34, 52] , clinical hyperstimulation protocol [8] , cryopreservation [20] , and the condition of in vitro culture [53] . Therefore, Δ<m-promoting effects of Ax in challenged conditions shown in the present study may be applicable for ameliorating the effects of deleterious factors involved in human IVF. On the other hand, it is to be noted that human oocytes and preimplantation embryos are anecdotally known to contain much less intracellular lipid compared with bovine [24, 26] . Taking the lipophilic property of Ax into account, there may be differences in the level of Ax accumulation between human and bovine cases; consequently, Ax may give rise to different actions on these cells reflecting its different interactions with cellular lipid components depending on the species. Therefore, further studies are needed in order to elucidate the effects of Ax in different species including human.
In summary, the present study demonstrated that the blastocyst development of ≥8-cell stage bovine embryos was inhibited by exposure to repeated heat stress and that the addition of Ax ameliorated heat stress-induced developmental inhibition. Furthermore, Ax was incorporated into the cytoplasm of embryos, preferentially localized with mitochondria, and recovered the heat stress-induced reduction of Δ<m. These results suggest that the direct action of Ax on mitochondria which enhances Δ<m under the heatstressed condition is a mechanism of the ameliorating effects of Ax on heat stress-induced developmental defects. 
